The investigation of actinides internal contamination in human body makes use of a variety of techniques. In large scale screening procedures the "in vivo" measurement of bone 241 Am burden via the determination of the nuclide activity in the skull is often used. To this purpose adequate calibration procedures and standard phantoms are needed.
The paper reports the main theoretical and experimental aspects of this work also discussing the results of the first calibrations.
1-INTRODUCTION
The evaluation of 241 Am bone burden through "in vivo" measurement of the nuclide activity in the skull is one of the most used techniques in large scale screening of actinides previous internal contamination [1] .
Taking into account that, for radiation protection purposes, very high sensitivity, accuracy and precision are requested in this kind of measurements, the major problem is often due to the difficulty to develop suitable standards for the calibration of the detection system.
The present paper summarises the studies and the technical procedure followed for the development and characterisation of a head calibration phantom [2] for "in vivo" measurement of 241 Am based on a commercial one, normally employed for angiographic analysis calibration. The main purpose was to develop a phantom in which a limited number of point sources should well approximate the homogeneous distribution typical of an Americium internal contamination [3] .
2-PREPARATION OF THE HEAD PHANTOM
A selection of commercial head phantoms was made, in order to find the one with the best anthropomorphic characteristics. The Alderson™ phantom for angiographic analysis was chosen (figure 1). Its constituents (as kindly supplied by the manufacturer [4] The 24 sources needed for the phantom were then selected among all the sources available in the frequency peak between 115 and 135 Bq (figure 2) with an average activity of 122.4 Bq and experimental standard deviation of 2.7%. Of the 24 sources selected, 6 were taken from the set obtained by the picnometer method and the remaining from that obtained by the pipette method.
The calibration certificate of the point sources reported the activity value of each source, as obtained by the spectrometric measurement, with its associated uncertainty. The main uncertainty components were (relative standard uncertainty): 0.5% (dead time), 2.2% (counting statistics), 1.5%
( counting efficiency), giving a combined standard uncertainty of 2.7%.
The head phantom was mounted on a spherical co-ordinates rotating base that was positioned onto the working plane of a precision milling machine by which a number of 24 cylindrical holes were made on the head phantom. The head position and the hole depth were chosen to reach the bottom of each hole at the co-ordinates given by the theoretical modelling (described later). As far as possible the drilling direction was set orthogonal to the local head surface. Each source was then mounted on a plastic piston that was inserted into the corresponding hole whose protruding part was finally cut.
3-CHARACTERISATION OF THE HEAD PHANTOM
The main purpose of the work was to develop a head calibration phantom in which a heterogeneous distribution of 24 nearly identical point sources should approximate the homogeneous distribution that Americium really has in the bone. The two main steps of the procedure were Monte Carlo modelling of the plastic head and optimisation of source placing.
3-1 Monte Carlo modelling of the plastic head
The MCNP (version 4B) [5] Monte Carlo code was used. This is a powerful 3-dimensional multipurpose code developed at the Los Alamos National Laboratory. It can solve transport problems of Each slice of the subset was studied in order to determine which mathematical equations, among those handled by MCNP, could better fit the CT contours. An example of a CT slices together with its MCNP representation is shown in figure 3 .
The final geometry is made of 54 layers, 277 MCNP cells and 1929 surfaces. In figure 4 a SABRINA [6] 3-dimensional plot of the complete skull is shown. The capability of the MCNP code to evaluate spatial cell volumes was employed to determine the 241 Am sources positions. In fact each of the 24 sources should have been placed in the centroid of 24 equal volume sub-regions to obtain a nearly homogeneous distribution of the radioactivity. The procedure adopted can be briefly summarised as follows: § A quarter of a hollow sphere was modelled in the top front area of the head (figure 5); § It is subdivided in 15° azimuthal and polar angles; § Each of so defined directions represents a possible scoring area for the detector. This allowed subdividing the response (photon fluence contributing to the total absorption peak) in 13x6+1 circular areas of the same size of the detector window; § The same method was applied both for homogeneous source distribution and for the 24 sources distribution; § The results obtained were graphically compared (see figure 6 ) in which the 6 curves (from left to right) represent the increasing polar angle and the 13 points on each curve represent the ratio Detectors polar-azimuthal distribution (detectors labels) ratio hom / 24-points about 1cm from head surface ratio hom / 24-points about 3cm from head surface Some conclusions can be drawn from these Monte Carlo calculations: § The agreement between the two models (fully homogeneous and 24 sources heterogeneous) is bounded within maximum ± 20% § The agreement is within ± 10% for higher polar angles. § The agreement is improved, as expected, at higher distances from the skull surface
4-CALIBRATION MEASUREMENTS
The measurement tests on the head phantom were carried out using the Whole Body Counter (WBC) operating at the ENEA Institute for Radiation Protection, in the Casaccia research centre. A detection system for low energy photons, equipped with 2 Canberra™ LEGe detectors (each one with active area of 38 cm 2 ), was used. The shieldeding is made (from external to internal) of 50 cm concrete, 20 cm iron, 3mm lead, 2 mm copper and 1 mm cadmium. This system is frequently used for "in vivo" monitoring of actinides. § The detector position, with respect to the head phantom, was chosen as a compromise between the need of minimising the photon fluence variation due to the heterogeneous source distribution and that of reaching a Minimum Detectable Activity (MDA) [7] of the order of 3-4 Bq in the skull, in a reasonable measuring time (20-30 minutes). Analysing the results achieved through the fluence mapping, it was decided to work in the neighbourhood of 60° and 75° polar angles.
Three different evaluations of full energy peak efficiency for the 59. 
CONCLUSIONS
The procedure here presented was used to develop a calibration phantom in which a heterogeneous distribution of 241 Am sources well approximates a homogeneous distribution of the nuclide in the bone. The Monte Carlo code MCNP was used to quantify the level of approximation introduced and to evaluate correction factors for detection position and source heterogeneity.
The comparison with the experimental measurements confirmed the reliability of the procedure, that could be adopted as a standard for the design of head calibration phantoms. Possible refinements of the methodology could be based on a larger number of point sources to be embedded in the head plastic matrix and a Monte Carlo model of the head based on a VOXEL phantom directly obtained from the CT scan Hounsfield raw data.
